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Growth of Bacillus subtilis cells, normally adapted at Earth-normal atmospheric pressure (~101.3 kPa), was
progressively inhibited by lowering of pressure in liquid LB medium until growth essentially ceased at 2.5 kPa.
Growth inhibition was immediately reversible upon return to 101.3 kPa, albeit at a slower rate. A population
of B. subtilis cells was cultivated at the near-inhibitory pressure of 5 kPa for 1,000 generations, where a stepwise
increase in growth was observed, as measured by the turbidity of 24-h cultures. An isolate from the 1,000-
generation population was obtained that showed an increase in fitness at 5 kPa when compared to the ancestral
strain or a strain obtained from a parallel population that evolved for 1,000 generations at 101.3 kPa. The
results from this preliminary study have implications for understanding the ability of terrestrial microbes to

grow in low-pressure environments such as Mars.

Microorganisms grow optimally within a characteristic range
of fundamental physical parameters such as temperature, os-
molarity, pH, and pressure. Cells that can grow at the extreme
limits of these parameters are known collectively as extremo-
philes (reviewed in reference 8). Thus, in extreme environ-
ments on Earth there exist halophiles in hypersaline niches,
psychrophiles and thermophiles in extreme cold and hot envi-
ronments, and acidophiles or alkaliphiles in environments of
extreme acidic or basic pH. Regarding extremes of pressure,
piezophiles (barophiles) have been isolated from high-pressure
(hyperbaric) submarine environments and have been studied
rather extensively; in addition, high pressure has been shown to
exert lethal and inhibitory effects on various microbial systems
not normally adapted to high pressure (reviewed in reference
19). On the opposite extreme, there has been very little inves-
tigation concerning the survival and growth of microbes under
conditions of extremely low atmospheric pressure (hypobaria),
primarily because such environments do not exist in nature on
the Earth’s surface. However, some investigators in the emerg-
ing field of astrobiology have become concerned with microbial
survival and/or growth at low pressures because (i) the closest
potential life-bearing planet, Mars, contains a low-pressure
atmosphere, and (ii) the possibility exists that terrestrial mi-
crobes could be transferred from Earth to Mars as a result of
natural impacts (23) or human spaceflight activities (24). Most
of the experiments conducted have concentrated on testing the
ability of terrestrial microbes merely to survive in the Mars
surface environment (reviewed in references 6, 23, and 28);
relatively few experiments have tested the ability of specific
Earth microbes to grow or metabolize at reduced pressure (12,
14). We previously reported that growth of at least 37 different
microorganisms on semisolid agar medium was inhibited at
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pressures approaching ~2.5 to 3.5 kPa (3, 4, 27, 30). (Note that
atmospheric pressures at the surfaces of Earth and Mars av-
erage ~101.3 kPa and ~0.7 kPa, respectively [26].) These
observations suggest that there exists a low-pressure barrier to
the growth of terrestrial microbes. We reasoned that one ex-
perimental approach to studying the cellular target(s) and mo-
lecular mechanism(s) involved in the prokaryotic response to
hypobaric stress would be to use reduced pressure as a selec-
tive condition to isolate and characterize mutant strains that
had evolved an enhanced capability for growth at low pressure;
the first results of these experiments are presented in this
communication.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. The ancestral strain used in
this study was our common laboratory stock of Bacillus subtilis, strain 168.
Congenic B. subtilis strains WN624 (trpC2 amyE::spc) and WN628 (pC2
amyE::cat) were derived from strain 168 by transformation (17). Luria-Bertani
(LB) medium (21) was used throughout and was supplemented with spectino-
mycin (Spc) (100 pg/ml) or chloramphenicol (Cm) (5 pg/ml) to select for WN624
or WN628, respectively, and their descendants. For growth under Earth-normal
conditions, liquid cultures were incubated in a water bath with moderate rotary
shaking (~150 rpm). For growth with limited oxygen, liquid cultures were incu-
bated in filled screw-cap test tubes placed vertically in an incubator without
shaking. Where indicated, the alternate electron acceptors sodium nitrate (11)
and sodium sulfate (1) were added to LB to final concentrations of 10 mM and
1 mM, respectively. For growth at low pressure, cultures in Klett flasks were
grown under vacuum in a water bath with moderate rotary shaking (~150 rpm).
Vacuum was supplied by a pumping system (KNF Neuberger, Trenton, NJ) fitted
with 0.2-pm-pore in-line air filters. Growth was measured at Earth-normal at-
mospheric pressure (101.3 * 0.6 kPa) and 10, 7.5, 5, and 2.5 kPa. Optical
densities (ODs) were measured using a Klett-Summerson colorimeter fitted with
the no. 66 (red, 660-nm) filter. (Note that for purposes of comparison, 100 Klett
units = 1 OD unit at 660 nm [ODgg].)

Conditions for laboratory evolution of bacteria were essentially as described
previously (17, 18) with slight modifications. Briefly, strains WN624 and WN628
were propagated in 125-ml sidearm (Klett) flasks in 10 ml of liquid LB medium
containing the appropriate selective antibiotic in a rotary shaker bath at 27°C.
Strain WN628 was propagated at 101.3 = 0.6 kPa, while strain WN624 was
propagated at 5.0 = 0.2 kPa. At daily intervals, the OD of each population was
determined, each culture was diluted 1:100 into fresh selective medium, and
incubation continued. Under this regimen, each population progressed through
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FIG. 1. Growth rate (doublings/hour; circles), and culture yield
(Klett units at 24 h; squares) as a function of pressure. B. subtilis 168
was grown in liquid LB at the pressures indicated (101.3, 10, 7.5, and
5 kPa [i.e., 1,013, 100, 75, and 50 mbar, respectively), and the results
were normalized to those from strain 168 grown at atmospheric pres-
sure (101.3 kPa), which grew to a final ODyg, of 334 = 2 Klett units
with a doubling time of 85 * 8 min. Data are presented as averages +
standard deviations (n = 3).

~6.6 generations per day. At ~50-generation intervals, an aliquot of each culture
was stored in 25% (vol/vol) glycerol at —70°C.

Competition experiments. Strains to be compared in pairwise combination
were cultivated overnight in selective LB liquid at 27°C and normal atmospheric
pressure. Fifty microliters of two different overnight cultures, containing approx-
imately equal numbers of cells, was inoculated into 10 ml of nonselective LB
medium in a 125-ml Erlenmeyer flask, cultivated at 101.3 kPa or 5 kPa, and
diluted 1:100 into fresh LB each day, as described above. At daily intervals, an
aliquot was removed from each culture and serial 10-fold dilutions in phosphate-
buffered saline (PBS) buffer (25) were plated on both plates containing LB
medium plus Cm (LB+Cm) and LB medium plus Spc (LB+Spc). The propor-
tion of the total population consisting of chloramphenicol-resistant (Cm") or
spectinomycin-resistant (Spc”) colonies was calculated for each mixed population
and plotted versus elapsed generations.

Statistical analyses. Basic statistical parameters and analyses of variance
(ANOVA) were performed using commercial statistical software (Kaleidagraph,
version 3.6.2; Synergy Software, Reading, PA). Differences with P values of
=0.05 were considered statistically significant.
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RESULTS AND DISCUSSION

Growth inhibition of B. subtilis at low pressure. Previous
results showed that incubation of several different microorgan-
isms on agar plates at progressively lower pressures resulted in
a diminution and eventual cessation of growth (4, 27, 30). To
investigate this effect further, B. subtilis strain 168 was culti-
vated at 27°C in liquid LB medium at 101.3, 10, 7.5, 5, and 2.5
kPa. OD measurements were taken to determine (i) the
growth rate and (ii) the final 24-h culture yield at each pres-
sure. It was observed that growth rate was unaffected at 10 kPa
but decreased semilogarithmically with lowering of pressure to
7.5 and 5 kPa (Fig. 1). Cell yield at 24 h showed a 2-fold
decrease at 10 kPa and then a further semilogarithmic de-
crease with lowering of pressure to 7.5 and 5 kPa (Fig. 1).
Growth was essentially undetectable at 2.5 kPa, in agreement
with previous results on semisolid medium (30).

Growth inhibition at 5 kPa was investigated in further detail.
Strain 168 was cultivated in LB liquid medium at 101.3 or 5
kPa, and growth was monitored as described above. At 101.3
kPa, a typical growth curve was observed, featuring an ~1-h lag
phase, rapid exponential growth, a gradual entrance into sta-
tionary phase, and overnight growth to a high cell density of
~335 Klett units (Fig. 2A). As expected, the same pattern was
repeated upon dilution of the culture into fresh LB medium at
101.3 kPa on the following day (Fig. 2B). In contrast, when
strain 168 was grown at 5 kPa, the cells also experienced an
~1-h lag period, but exponential growth proceeded at a lower
rate and the cells abruptly entered stationary phase at a low
cell density of ~40 Klett units; this low density persisted for
24 h (Fig. 2A). Upon return of the culture from 5 kPa to 101.3
kPa on the following day, the cells resumed exponential growth
immediately, without any discernible lag phase, albeit at a
slower growth rate than cells precultivated at 101.3 kPa (Fig.
2B). Although the molecular basis for low-pressure growth
inhibition is presently unknown, the data suggest two impor-
tant features. First, the immediate resumption of vegetative
growth upon return to atmospheric pressure indicates the ex-
istence of some target molecule(s) within the cells that can be
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FIG. 2. (A) Day 1. Growth of B. subtilis strain 168 cultivated at 27°C in LB medium at 101.3 kPa (1,013 mbar) (open circles) or 5 kPa (50 mbar)
(filled circles). (B) Day 2. Strain 168 grown at 101.3 kPa was diluted 1:20 into fresh LB medium and cultivated at 101.3 kPa, 27°C (open circles).
The flask containing strain 168 grown at 5 kPa was simply repressurized to 101.3 kPa and cultivated at 27°C (filled circles).
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FIG. 3. (A) Evolution of strain WN624 to enhanced growth at 5 kPa. (B) Evolution of strain WN628 to enhanced growth at atmospheric
pressure (~101.3 kPa). In both panels, the optical density (Klett units) of 24-h cultures was monitored. Data points represent the averages and

standard deviations of daily culture ODgg values grouped at 1-week (~

50-generation) intervals. Data points linked by horizontal lines beneath

lowercase letters indicate groups of data that were not significantly different by ANOVA (P > 0.05; n = 7).

reversibly inactivated by pressure changes without being resyn-
thesized de novo. Second, it appeared that cells grown for 24 h
at 5 kPa had undergone a physiological alteration slowing their
subsequent growth upon return to 101.3 kPa; furthermore, this
alteration persisted for at least 2 doublings after return to
101.3 kPa (Fig. 2).

Evolution of B. subtilis to enhanced growth at low pressure.
We reasoned that growth inhibition at 5 kPa could be used as
an environmental stress to select for enhanced growth at low
pressure and furthermore that analysis of low-pressure-evolved
stains could yield insights into the molecular mechanisms un-
derlying growth at low pressure. Therefore, the following ex-
periment was performed. Congenic derivatives of B. subtilis
strain 168, strains WN624 (Spc’) and WN628 (Cm"), were
subjected to laboratory evolution at 5 kPa and 101.3 kPa,
respectively, for 1,000 generations. Over the 1,000-generation
course of the experiment, a progressive increase in 24-h culture
OD was observed in both cultures (Fig. 3A and B). In both
cultures, the increase was observed to occur in a stepwise
manner: ie., cells went through periods of no significant
change in OD, interspersed by periods characterized by in-
creases in OD (Fig. 3). We have previously observed this pat-

tern of “punctuated equilibrium” (reviewed in reference 10) in
evolving B. subtilis cultures (17, 18) and interpreted the phe-
nomenon as successive population sweeps by spontaneously
arising mutants capable of increased growth under continued
selective pressure.

Fitness measurements by competition experiments. Two
single-colony isolates were streak purified—one from each cul-
ture grown at normal atmospheric pressure (101.3 kPa) and at
5 kPa—and were designated strains WN1105 (Cm") and
WN1106 (Spc’), respectively. In order to assess the relative
fitness of the evolved strains versus their ancestors and each
other, pairwise competition experiments were performed.
First, ancestral strains WN624 and WN628 were inoculated at
equal cell numbers and competed in LB medium at either
101.3 kPa (Fig. 4A) or 5 kPa (Fig. 4B) for ~50 generations.
Neither ancestral strain demonstrated a selective advantage
over the other at either pressure, thus ensuring that the
amyE::spc or amyE::cat markers in the otherwise identical
strains were selectively neutral. It was important to establish
that ancestral strains WN624 and WN628 showed the same
relative fitness, because each ancestor was subsequently com-
peted against the evolved strain from the other population, to
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FIG. 4. Competition experiments between ancestral strain WN624 (open circles) and WN628 (filled circles) propagated together in LB medium

without antibiotics at 101.3 kPa (A) or 5 kPa (B). Data are averages *

standard deviations from duplicate experiments.
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FIG. 5. Competition experiments between ancestral strain WN628 (filled circles) and WN1106 (open circles) propagated together in LB
medium without antibiotics at 101.3 kPa (A) or 5 kPa (B). Data are averages * standard deviations from duplicate experiments.

take advantage of the difference in their antibiotic resistance
markers.

In the next set of competition experiments, ancestral strain
WNG628 (Cm") was competed against low-pressure-evolved
strain WN1106 (Spc’) (Fig. 5). When the two strains were
propagated together at 101.3 kPa, no selective advantage was
observed (Fig. 5A). However, when the two strains were cocul-
tivated at 5 kPa, strain WN1106 showed a clear growth advan-
tage at low pressure, and ancestral strain WN628 was lost from
the mixed population at a rate of 1 log per ~10 generations
(Fig. 5B). Thus, after 1,000 generations of evolution at 5 kPa,
strain WN1106 indeed appeared to have gained fitness for
growth at low pressure.

In the next set of experiments, ancestral strain WN624
(Spc’) was competed against strain WN1105 (Cm"), which had
evolved for 1,000 generations at 101.3 kPa. Improved growth of
WN1105 in LB at atmospheric pressure likely resulted from
improved utilization of the residual nutrients in stationary
phase, as was observed in previous long-term evolution exper-
iments (17). As expected, when the competition experiment
was performed at 101.3 kPa, strain WN1105 exhibited in-
creased fitness over the ancestor strain WN624, which was lost

from the mixed population at a rate of 1 log per ~28 genera-
tions (Fig. 6A). However, when the same competition experi-
ment was performed at 5 kPa, the evolved strain WN1105
showed a distinct decrease in fitness compared to ancestral
strain WN624, and strain WN1105 was lost from the mixed
population at a rate of 1 log per ~16 generations (Fig. 6B).
These results are in sharp contrast to those observed in the
competition between strains WN1106 and WN628 at normal
atmospheric pressure, where no distinct difference in fitness
was observed (Fig. 5A). The results suggested that prolonged
evolution under constant conditions (1,000 generations, LB
medium, 27°C, 101.3 kPa) may have resulted in a reduction in
the ability of strain WN1105 to adjust to a change in its envi-
ronmental atmospheric pressure. In previous long-term evolu-
tion experiments, we also observed a loss of phenotypic plas-
ticity during long-term propagation under constant conditions;
transcription microarray experiments indicated that loss of
phenotypic plasticity could be attributed to a global loss of
transcriptome flexibility in response to environmental changes
(16).

Finally, both evolved strains WN1106 (Spc’) and WN1105
(Cm") were competed against one another at 101.3 kPa or at 5
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FIG. 6. Competition experiments between ancestral strain WN624 (filled circles) and WN1105 (open circles) propagated together in LB
medium without antibiotics at 101.3 kPa (1,013 mbar) (A) or 5 kPa (50 mbar) (B). Data are averages * standard deviations from duplicate

experiments.
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FIG. 7. Competition experiments between 5.0-kPa-evolved strain WN1106 (filled circles) and 101.3-kPa-evolved strain WN1105 (open circles)
propagated together in LB medium without antibiotics at 101.3 kPa (1,101 mbar) (A) or 5 kPa (50 mbar) (B). Data are averages = standard

deviations from duplicate experiments.

kPa (Fig. 7). The results obtained showed that each strain had
become better adapted for growth at the pressure for which it
had been evolved. At 101.3 kPa, strain WN1106 was preferen-
tially lost from the mixed culture at a rate of 1 log per ~11
generations (Fig. 7A), and when cocultivated at 5 kPa, strain
WN1105 was lost from the mixed culture at a rate of 1 log per
~7 generations (Fig. 7B).

The results presented in this preliminary study demonstrate
that low pressure inhibits both the growth rate and final growth
yield of B. subtilis cells. What could cause inhibition of bacte-
rial cell growth at low pressure, and how might strain WN1106
have evolved to overcome this inhibition? One obvious possi-
bility immediately presents itself: low-pressure growth inhibi-
tion may result simply from oxygen starvation. In our experi-
ments, lowering of pressure in the headspace above the culture
from ~101.3 kPa to 5 kPa would lead to a corresponding
~20-fold decrease in the partial pressure of dissolved gases
(notably oxygen) in the culture. B. subtilis is capable of growth
under oxygen limitation via fermentation or anaerobic respi-
ration (reviewed in reference 22), but LB medium is a poor
source of either fermentable carbon sources or alternative
electron acceptors. Therefore, both the growth rate and final
cell yield of B. subtilis in LB medium would be expected to be
lower at the reduced dissolved oxygen concentrations resulting
from low pressure. Considering this possible scenario, imme-
diate resumption of growth of wild-type strain 168 by transition
from 5 kPa to ~101.3 kPa (Fig. 2) may merely result from the
return of sufficient oxygen to an oxygen-starved culture, and,
furthermore, strain WN1106 may have evolved an ability for
enhanced low-oxygen growth, rather than low-pressure growth
per se. In order to test this notion, we cultivated ancestral strain
WN624 and low-pressure-evolved strain WN1106 in liquid LB
medium under oxygen-limited conditions and compared their
growth profiles (Fig. 8). Strain WN1106 was clearly not more
capable of anaerobic growth than strain WN624 in LB medium
(Fig. 8A). Nor was strain WN1106 capable of enhanced growth
under oxygen limitation when cultivated in LB medium con-
taining either of the alternate electron acceptors sulfate (Fig.
8B) or nitrate (Fig. 8C) or both sulfate and nitrate (Fig. 8D).
Thus, the evidence strongly suggests that strain WN1106 has

not evolved simply to enhanced growth under oxygen-limited
conditions.

For insights into other possible reasons for low-pressure
growth inhibition and the evolution of enhanced growth of
strain WN1106 at low pressure, it may be instructive to turn to
our current understanding of life at the opposite extreme (i.e.,
high pressure). From the study of high-pressure microbiology,
it has been shown that pressure changes can exert effects on
the synthesis and activity of numerous cellular targets, includ-
ing lipids, enzymes, and nucleic acids (2). For example, the
ability of deep-sea piezophiles to grow at extreme high pres-
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FIG. 8. Growth of strains WN624 (open circles) and WN1106
(filled circles) under conditions of oxygen limitation. Cultures were
grown in liquid LB medium with no addition (A), 1 mM sodium sulfate
(B), 10 mM sodium nitrate (C), and both 1 mM sodium sulfate and 10
mM sodium nitrate (D). Data are averages * standard deviations from
duplicate experiments.
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sures has been correlated with the presence in their mem-
branes of a large percentage of mono- and polyunsaturated
fatty acids (13). Piezophiles can vary the ratio of unsaturated-
to-saturated fatty acids in their membranes in a direct relation-
ship with pressure (7), in order to maintain a homeostatic
membrane fluidity and consequently the activity of various
membrane-associated proteins such as transporters, respira-
tory enzymes, or environmental sensors (13). In addition, pres-
sure-related changes to the stability and activity of various
cytosolic enzymes such as RNA polymerase have also been
documented (13). Interestingly, low-pressure growth inhibition
of B. subtilis 168 appeared to be immediately reversible upon
return to normal atmospheric pressure, but at a lower rate
(Fig. 2). This observation suggests that inhibition may be
caused by in part by reversible inactivation of some critical cell
components not requiring de novo synthesis and in part by
affecting some cell components that do require recovery time.
In this scenario, strain WN1106 may harbor mutations render-
ing such targets less sensitive to inactivation by low pressure or
regulatory mutations enhancing the ability of cells to cope with
low-pressure stress.

Results from our preliminary studies demonstrate for the
first time that microbial evolution is possible at low pressure,
yielding descendants that are adapted for enhanced growth at
low pressures. How does this finding impact the field of astro-
biology? A key unanswered question for the robotic and hu-
man exploration of Mars is whether terrestrial microorganisms
can adapt to and acquire the capability for active metabolism
and replication at, the ~0.7-kPa atmospheric pressure at the
martian surface. Diverse microbial communities including ex-
tremophiles and sporeformers have been recovered from
spacecraft surfaces and processing facilities prior to launch of
spacecraft to Mars (9, 15, 31), and the survival of some of these
species during the Earth-to-Mars interplanetary transit phase
is quite probable (23, 24, 26). However, upon landing on Mars,
at least 13 separate biocidal factors in addition to low pressure
are likely to be present on the martian surface (29, 30). At
present it is unclear whether terrestrial microorganisms can
overcome the entire collection of interacting biocidal factors in
order to evolve the capability for replication on Mars. Results
from future research probing the lower limits of replication
and evolution under hypobaric conditions will directly con-
strain planetary protection protocols for spacecraft and the
search for an extant martain microbiota (24) and discover
whether terrestrial microorganisms will be able to proliferate
on the surface or near subsurface of Mars (23).

Probing the low-pressure limit for life has fundamental im-
plications beyond the astrobiology of low-pressure environ-
ments such as Mars. In the experiments described in this com-
munication, we imposed a 20-fold reduction in pressure on B.
subtilis, a bacterium normally adapted to Earth surface atmo-
spheric pressure—from 101.3 kPa to 5 kPa. This pressure
change could be considered analogous to the hypothetical re-
moval of a deep-sea piezophile from the Marianas Trench
(10,911 m below sea level at ~110 MPa) to a depth of only
540 m (~5 MPa). It has previously been demonstrated that the
growth rate of piezophiles is dramatically slowed at progres-
sively lower pressures (5, 20), in a manner analogous to that
seen for B. subtilis in Fig. 1. Therefore, it is possible that similar
mechanisms are at work in both cases and that exploring the

APPL. ENVIRON. MICROBIOL.

low-pressure limit of microorganisms normally adapted to
growth at the Earth’s surface might provide insights into the
factors limiting growth of piezophiles at the lower limits of
their own pressure ranges. In order to further understand the
genetic response of B. subtilis to low-pressure stress, current
experimental efforts are being concentrated on using transcrip-
tion microarrays to identify genes whose transcription is al-
tered in (i) the ancestral versus low-pressure-evolved strains,
(ii) in cells propagated at 101.3 kPa versus 5 kPa, and (iii) in
microaerophilic environments induced by low pressure versus
those induced by oxygen limitation at atmospheric pressure.
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